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9 ABSTRACT: In this study, we have examined the behavior of heavy metals during fluidized bed combustion of poultry litter.
10 Heavy metals examined include As, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, V, and Zn. Solid and gaseous streams were analyzed
11 and compared with relevant guidelines to determine the potential environmental impact of combustion and subsequent land
12 spreading or landfill of the resulting ash. The majority of heavy metals were associated with the solid ash fraction, with low
13 gaseous emissions. Pb and As were concentrated in the fine baghouse ash (160 °C) due to their volatility. The remaining heavy
14 metals, excluding Cd, were enriched in the heat exchangers and cyclone, where flue gas temperatures ranged from 580 to 220 °C.
15 Under the waste acceptance criteria, all samples of process ash, excluding bed ash, exceeded the limits for nonhazardous landfill
16 waste, as a result of high levels of water-soluble Cr. Water-soluble Cr indicated the presence of Cr(VI), and its presence was
17 confirmed using X-ray absorption near-edge structure spectroscopy (18.4% to 38.3%). The source of Cr was identified as the
18 bedding material (wood shavings), and its conversion to Cr(VI) was temperature-dependent and could be facilitated by the high
19 alkali content found in poultry litter.
20 ■ INTRODUCTION
21 Global energy concerns have led to a shift toward combustion
22 of biomass to provide both heat and power. The resulting ash
23 essentially concentrates the inorganic nutrients present in the
24 original biomass, in a homogeneous, sterile, and easily
25 transportable form. Accordingly, biomass ash has begun to
26 receive more attention with respect to its potential end use.
27 Two areas of growing interest are fertilizer substitution1−3
28 particularly for ash with high phosphorus content and
29 remediation of acidic soils4,5 due to the inherent alkalinity of
30 biomass ash. However, biomass from either virgin or waste
31 feedstocks may contain significant levels of undesirable
32 substances or heavy metals (HMs) including Cd, Cr, Cu, Ni,
33 and Zn.4,6,7 These have the potential to limit the possible end
34 uses of the ashes; e.g. Denmark has banned the application of
35 wood ash to soils due to concern over Cd contamination.6
36 Poultry litter (PL), resulting from the production of broiler
37 chickens, has significant potential as a biomass resource;
38 however, its combustion behavior has scarcely been studied in
39 the literature. The ash from combustion is sterile and contains
40 28 wt % K2O, 21 wt % CaO, and 19 wt % P2O5,
8 making it an
41 attractive fertilizer substitute. However, PL is known to contain
42 significant levels of HMs, namely Cu and Zn,9 which are both
43 added as enzyme cofactors,10,11 and may impede its use as a
44 fertilizer. Furthermore, the combustion process can affect the
45 speciation of some heavy metals, which can influence the
46 behavior and toxicity of the metal in the environment.12
47 The release of these metals in the environment is of key
48 concern as they are often chemically stable and can persist in
49 aquatic and terrestrial environments.13 They can affect crop
50production and lead to the transfer of HMs to humans through
51the consumption of plants and animals.14 Xenobiotic elements
52such as Pb and Hg are known to exert toxic effects at any level
53of exposure, while Cd and As are thought to pose significant
54threats to humans.13 HMs in soils can also be transported
55offsite and into nearby water ways via leaching and runoff.15
56The level of HM leaching is determined by a number of
57physical and chemical parameters, including particle size,
58contact time, porosity, temperature, and pH.16 Furthermore,
59the degree of leaching experienced is not only related to the
60concentration of HMs present in the original residues but also
61can depend on the particular matrix in which they are
62present.15,17 As a result, several leaching protocols have been
63developed which aim to replicate typical leaching environ-
64ments; e.g. EN 12457-2,18 which simulates batch stage leaching
65with a solid to liquid ratio of 10:1 and is comparable to the real
66leaching effect occurring by rainfall penetrating a landfill over
67several hundred years.19
68In a combustion environment, the migration behavior of
69elements is affected by vaporization/condensation of volatile
70species, physical adsorption as a function of specific surface area
71of the ash, and chemisorption.20 Process conditions−temper-
72ature, boiler design, residence time, and air supply−can also
73influence the behavior of HMs.6,21
74The behavior of HMs during combustion of PL has not been
75reported in the literature, and few studies exist on potential
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76 toxicity of the resulting ashes, with respect to established
77 leaching methodologies. Therefore, in this study, we have
78 analyzed the process ash (PA) streams from a 200 kWth
79 atmospheric bubbling fluidized bed combustor (FBC), using
80 100% PL as its feed material and silica sand as the bed material.
81 Gaseous emissions of HMs were analyzed, and the resulting PA
82 streams were analyzed for the total content of 12 HMs (As, Cd,
83 Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, V, and Zn), and their leaching
84 potential was established. Thermodynamic equilibrium pre-
85 dictions of the volatilization and speciation of HMs upon
86 combustion was undertaken and compared with experimental
87 results, and nondestructive synchrotron X-ray absorption near-
88 edge structure spectroscopy (XANES) was used to quantify the
89 fraction of toxic Cr(VI) in PA streams. Finally, these results
90 were compared with relevant legislation to determine the
91 impact of using PL as a fuel and the resulting ash as a fertilizer.
92 This knowledge is pivotal for safe utilization of PL in
93 combustion processes and to ensure that valorization of PL
94 ash as soil amendments is environmentally benign.
95 ■ EXPERIMENTAL SECTION
96 Sample Collection/Generation. A schematic of the FBC unit is
f1 97 given in Figure 1; PL composition and full process conditions have
98 been detailed in an earlier publication.22 The baghouse filter was
99 composed of plate filters with PTFE material and were rated with an
100 efficiency of 99.999% for 0.5 μm.
101 The system generated five separate PA streams: bed ash (BA) which
102 was a mixture of bed material (sand), coated bed material,
103 agglomerated bed material and ash; ash from heat exchangers 1 and
104 2 (denoted as HE 1 and HE 2, respectively), cyclone ash (CYC), and
105 baghouse ash (BH). Further to the five PA samples, a sixth
106 representative sample was collected of ash to be used as a fertilizer
107 substitute or sent for landfill (FERT). This fraction consisted of ash
108 from HE 1, HE 2, CYC, and BH; the BA fraction was recycled so this
109 was not included.
110 Laboratory generated ash (GA) was prepared by heating samples of
111 PL (dried and ground to <1 mm) to 550 °C in a muffle furnace for a
112 minimum of 3 h according to BS EN 14775.
113 Sample Characterization. The concentration of HMs was
114 determined following digestion of the solid residues according to BS
115 EN 15297 using a CEM microwave accelerated reaction system
116 (MARS). Approximately 500 mg of sample was placed into the
117 polythene vessels, to which 5 mL of H2O2 (30%), 10 mL of HNO3
118 (65%), and 0.8 mL of HF (40%) was added. The samples were loaded
119 into the MARS unit and heated rapidly to 190 °C and held for 20 min.
120 A blank test was carried out to assess the content of elements in the
121reagents and any potential contamination. Once cooled, the digest was
122carefully transferred to volumetric flasks and made up to the mark with
123deionized water.
124The digestate was analyzed using inductively coupled plasma - mass
125spectroscopy (ICP-MS) (Agilent 7500). Water-soluble HMs were
126determined following BS EN 12457-2. The resulting leachate was
127acidified to between pH 1 and 2 using HNO3 and analyzed using
128atomic absorption spectroscopy (AAS) (Varian Spectra AA-220) and
129inductively coupled plasma - optical emission spectroscopy (ICP-
130OES) (PerkinElmer Optima 7000-DV) following an established
131method.23
132Particle size analysis was conducted utilizing either a “Malvern
133Mastersizer” particle size analyzer, or sieves for BA, and specific surface
134area (SSA) was determined using a “Micrometrics Tri-Star” BET
135analyzer, according to ISO 9277. Conductivity and pH measurements
136were conducted following ENV 13370 and ENV 12506, respectively.
137FactSage6.1 was used to predict the gaseous and particulate
138inorganic species liberated during the combustion of PL. The program
139uses the method of minimization of the total Gibbs free energy of the
140system, and thermodynamic data taken from the Fact database
141included real gases, pure liquids, and solids as well as nonideal phases.
142Further details of the procedure are available elsewhere,22 and input
143conditions are given in the SI (Table SI-1). Thermodynamic
144calculations assume infinite residence time and perfect mixing and
145do not account for reaction kinetics or transport limitations.24 As a
146result, the calculated equilibrium results are not always comparable
147with real data. To validate the projections, the predicted results were
148compared with experimental data.
149The Cr oxidation-state speciation was determined using Cr K-edge
150XANES. Spectra were collected in Hutch B of the X-ray absorption
151spectroscopy (XAS) beamline at the Australian Synchrotron. Samples
152were measured in fluorescence mode at room temperature using a
153100-element Ge fluorescence detector. Full technical details of this
154beamline can be found elsewhere.25 To obtain an acceptable signal/
155noise ratio, a minimum of two replicate scans were conducted for each
156sample depending on its Cr concentration, with up to nine scans
157performed for the lowest case. Raw data conversion was performed
158using “Average” software prior to merging replicate scans, and data was
159normalized using “Athena” software. Cr(VI) quantification was
160performed using the method described by Huggins et al.26 The
161least-squares fitting was conducted using “Origin 8.1”.
162Emissions Monitoring. Particulates in the flue gas were measured
163in two 1 h sampling runs, during which an average of 0.8 m3 gas was
164sampled. A borosilicate, glass impinger, with a 47 mm quartz fiber filter
165was used, and the concentration of particulates was determined
166gravimetrically (BS EN 13284-1). HMs were also collected during the
167sampling runs, with an average 0.8 m3 gas sampled, using 47 mm
168quartz fiber filters. Sample collection and analysis was undertaken in
Figure 1. Schematic of process.
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169 compliance with the UK Environment Agency’s Monitoring
170 Certification Scheme (MCERTS). The absorption solution used for
171 the HMs was a mixture of nitric acid and hydrogen peroxide, and these
172 were determined using ICP-MS (BS EN 14385), while Hg was
173 absorbed using a mixture of nitric acid and hydrogen peroxide and
174 potassium dichromate and analyzed using cold vapor atomic
175 fluorescence spectroscopy (CV AFS) (BS EN 13211).
176 ■ RESULTS AND DISCUSSION
t1 177 Sample Characterization. Table 1 presents the levels of
178 HMs in PL and GA compared with literature values for PL and
179 feed.
180 It is evident from Table 1 that the PL studied here has
181 greater Zn and Cu content than literature PL values, indicative
182 of differences in bedding material and/or husbandry practices.
183 These elements are both important enzyme cofactors,10,11 while
184 Cu (in conjunction with Fe) is also important in preventing
185 anemia.27,28 They are often added in excess of the
186 recommended daily dose (40 mg kg−1 Zn and 8 mg kg−1 Cu
187 per unit feed)29 as they are difficult to absorb.15 The increased
188 Zn could also be explained by the addition of Zn-bacitracin to
189 feed. This is a common antibiotic performance promoter;
190 however, it is not well absorbed.30 This highlights a strong
191 relationship between feed input and levels of excreted minerals.
192 The EU considers As, Hg, Pb, and Cd undesirable substances
193 in livestock feeds,31 and their presence is due to background
194 levels in the feed or from the bedding material. HMs in bedding
195 material arise from their growth environment, the fertilizer
196 used, and/or wet or dry deposition of air-borne HM
197 particulates.14 The majority of HMs in feed are excreted in
198 faeces or urine and are therefore present in the litter.32
t2 199 Table 2 presents the general characteristics of each ash
200 stream. The PA streams are strongly alkaline, indicating the
201 presence of basic metal salts, oxides, hydroxides, and/or
202 carbonates.33 The conductivity of the BH is significantly higher
203 than the other fractions, indicating the presence of significant
204 amounts of readily soluble chlorides and sulfates. The smaller
205 particle size of the BH can lead to the direct enrichment of Pb
206 and As, as they are typically associated with the finest ash due
207 to the higher SSA associated with submicron ash.34
208 Gaseous Emissions. Gaseous emission of HMs and
t3 209 particulates are presented in Table 3, together with the limits
210 set under the waste incineration directive (WID). Many of the
211parameters (Cd, Tl, As, Co, Mn, Sb, and V) were close to or
212below the detection limit of the testing protocol [detection
213limit of Cd, Tl, and V <0.0008, As and Co <0.0007, Sb <0.0015,
214and Mn <0.0037]. Only Pb, Cr, Ni, and Cu had significant
215fractions released to gas phase; however, all measured
216parameters were much lower than the given limits, and the
217combined emission of elements over 1 h was <0.015 g.
218Particulates were also very low, indicating the efficiency of the
219dust collection equipment, which may have reduced the
220emissions of volatile HMs associated with particulate matter.
221Heavy Metal Distribution. The distribution of HMs in GA
222 t4and PA streams are shown in Table 4 together with their major
223oxides and literature values for wood and coal ash. Here we can
224see that in each PA stream, Zn and Mn are dominant, followed
225by Cu and Mo, all of which are elevated with respect to both
226coal and wood ash, as these elements are routinely added to
227poultry feed to satisfy various nutritional requirements.27,35,36
228The relative enrichment factor (RE) for elements in the PA
229streams were used to interpret the distribution pattern of
230 f2HMs−see Figure 2. The GA was the basis for RE calculation,
231with absolute values in each ash fraction divided by the value in
232the GA to provide an indication of mobility: values >1.0
233indicate concentration of the element via recondensation of its
234volatile species, and values <1.0 indicate a lack of mobility of
235that element.37 Due to difficulties in obtaining an accurate mass
236balance of the system, coupled with agglomeration of the bed
Table 1. HM Content (mg kg−1) in Poultry Litter, Ash and
Feed, and Other Fuels from the Literature
element PLb GAc poultry feed9 PLb9
As 0.9 1.0 0.14−0.31 <0.1−41.1
Cd 1.5 2.0 <0.1−0.33 0.2−1.16
Co 6.3 7.0
Cr 12 14.3 <0.2−3.44 3.57−79.8
Cu 370 553 24.8−52.4 45.7−173
Hg nda nda
Mn 2800 4143
Mo 51 96
Ni 37 42 1.1−3.9 2.2−12.3
Pb 2.8 3.7 <1.0−2.4 <1.0−9.28
V 12 12
Zn 2700 3795 106−169 208−473
and − not detected. bPL − poultry litter. cGA − generated ash (550
°C).
Table 2. Poultry Litter Ash Characteristics
parameter BAb HEc 1 HEc 2 CYCd BHe FERTf
pH 11.43 12.80 12.53 12.24 10.75 12.70
conductivity (mS) 21.17 23.02 23.87 19.88 72.10 24.55
weight (kg) 3.28a 1.145 0.533 0.219 0.012
average particle
size (μm)
1546 1.59 6.54 1.44 0.29 0.98
SSA (m2 g‑1) 18.56 9.28 5.30 9.47 14.36
aEstimated based on feed rate and ash content. bBA − bed ash. cHE −
heat exchanger ash. dCYC − cyclone ash. eBH − baghouse ash. fFERT
− fertilizer ash.
Table 3. Gaseous Emissions and Waste Incineration
Directive Limit Values
parameter
result (mg Nm−3 @
11% O2)
result
(mg h−1)a
WID annex V
(mg Nm−3)b
particulatesb 0.97 331 10
Cdc 0.0005 0.17 0.05 (total)
Tlc 0.0004 0.14
Hg 0.0004 0.14 0.05
Asc 0.0004 0.14 0.5 (total)
Coc 0.0004 0.14
Cr 0.0075 2.56
Cu 0.0019 0.65
Mnc 0.0018 0.61
Ni 0.0054 1.84
Pb 0.0238 8.12
Sbc 0.0008 0.27
Vc 0.0004 0.14
aVolumetric flow rate at reference conditions (273 K, 101.3 kPa, dry
gas, 11% O2) = 341 N m
3 h‑1. bDaily Average Values (mg Nm−3) at
11% O2.
cBS EN 14385 states that if sample values or blanks are lower
than the detection limit, then the value of 1/2 the detection limit is to
be taken for calculation.
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237 ash and sand, it was not possible to use a weight factor in the
238 calculation.
239 As, Pb, and Mo exhibit progressive enrichment throughout
f3 240 the process, from the BA to the BH. Figure 3 shows
241 thermodynamic equilibrium predictions for the vaporization
242 of HMs in the FBC and supports the preferential formation of
243 PbCl2(g) and PbO(g), correlating with the literature data.
38
244 Furthermore, O2Mo(OH)2(g) is abundant from 800 °C
245 onward. These gaseous species preferentially condense in the
246 BH where saturation is induced upon cooling (160 °C);
247 however, it is evident that some Pb species do not condense
248 and remain in the gas phase (Table 3).
t5 249 Table 5 presents the speciation of solid phase HMs in the
250 FBC, and we can see that As was predicted to be exclusively
251 bound with Ca forming Ca3(AsO4)2(s). Its presence in the finer
252 ash fraction may indicate that the solids were elutriated with the
253 flue gas. Aside from homogeneous condensation of As and Pb
254 vapors, the smaller particle size of the BH (Table 2) can also
255 lead to direct enrichment of these two metals by heterogeneous
256 condensation, as they are typically associated with the finest
257 ash.34
258 Zn was evenly distributed across the PA streams. This could
259 be explained by the small amounts of ZnCl2(g) predicted to
260 form (Figure 3), whereas the majority of Zn was bound as
261 Zn2SiO4(s) (Table 5) and therefore remained in the bed. Upon
262 cooling, ZnCl2(g) was predicted to condense by reacting with
f4 263 SiO2 < 800 °C, see Figure 4. Note that the prediction in Figure
264 4 was based on the flue gas composition predicted from PL
265 combustion in the FBC (Figure 3), and an average exit gas
266 temperature of 900 °C (from the freeboard) was assumed.
267 Co, Cu, Cr, Mn, Ni, and V were depleted in the BA and BH.
268 Cu was the only HM in this category that was predicted to
269 release a significant volatile fraction as CuCl(g) (Figure 3), and
270 evidently some CuCl(g) did escape with the flue gas (Table 3).
271 Upon cooling of the flue gases, CuCl2(s) can partition between
272 three solid or liquid phases, including (CuO)(Fe2O3)(s), which
273 dominates between 800 and 400 °C, and CuO(s), the sole
274species present below 500 °C (Figure 4). Evidently, Cu vapors
275preferentially condensed in the intermediate sections. The
276other elements were thermodynamically predicted to remain in
277the solid fraction (Table 5), and so their presence in the
278subsequent ash fractions is likely due to elutriation with the
279exhaust gases. Depletion in the BH confirms that these
280elements are predominantly associated with coarse ash.
281The only element to exhibit enrichment in both the BA and
282BH was Cd. Thermodynamic predictions in Table 5 showed
283formation of CdO(SiO2)(s) was favored between 600 and 750
284°C, after which no solid Cd species were predicted, and the
285concentration of CdO(g) and Cd(OH)2(g) was predicted to
286increase (Figure 3). Homogenous condensation of CdCl2(g)
287was then predicted to occur below 200 °C (Figure 4),
288explaining its elevated concentration in the BH. The reaction to
289form solid Cd species is known to proceed rapidly, while the
290formation of Cd(OH)2(s) and subsequent volatilization is
291much slower39,40 resulting in the observed enrichment of Cd in
292both coarse and fine ash fractions.
293Leaching Characteristics of PA. To establish the impact
294of landfill disposal of PA, leaching characterization was
295conducted, as this is required under the waste acceptance
296criteria (WAC) 2003/33/EC41 in accordance with the Landfill
297Directive 1999/31/EC. The results of the leaching tests
298together with the limits set out by the WAC are shown in
299 t6Table 6.
300The results suggest that BA is the only fraction which is
301acceptable for a nonhazardous landfill, while the remaining
302fractions are all classified as hazardous, due to the high Cr
303content. The high level of water-soluble Cr indicates the
304presence of Cr(VI) as a result of the formation of water-soluble
305chromates such as K2CrO4 (Table 5).
306Water-soluble Cr in the PL and bedding material (BM)
307(Picea abis and Pinus sylvestris) was below the detection limit of
308the AA, indicative of an exclusive association of Cr as Cr(III) in
309the original samples. The Cr content in the GA of each,
310however, was positive; with BM-GA measuring 420 mg kg−1.
Table 4. Major Oxides and Total Trace Element Concentration (mg kg−1) in GA and PA
element GA BA HE 1 HE 2 CYC BH FERT wood ash1 coal ash51
As 1.0 1.7 2.3 2.6 4.5 11.5 3.4 7.8 22−162
Cd 2.0 4.1 0.9 1.0 1.1 3.5 2.3 4.1 1−6
Co 7.0 5.5 11.1 11.2 11.7 3.0 9.6 14.1 20−112
Cr 14.3 18 39.2 37.6 37 19.6 30.2 67.9 47−281
Cu 553 270 773 713 929 472 633 133 39−254
Hg nda nda nda nda nda nda nda <0.01−1.4
Mn 4143 1400 4917 4219 5274 945 4067 <0.01−0.08
Mo 96 31 43 46 47 63 62.5 1.8 5−22
Ni 42 37 61 61 59 15 53 52 49−377
Pb 3.7 2.4 2.7 1.9 4.5 23.7 4.4 23.3 40−1075
V 12 14 31 30 34 10 24 154−514
Zn 3795 1900 3337 3097 4274 3195 3438 348 70−924
SiO2 2.8 52.65 6.35 3.5 5.4 1.5 5.9 16.7 28.5−59.6
Al2O3 0.57 0.5 0.95 0.9 1.0 0.2 0.9 4.55 17.6−35.6
Fe2O3 1.2 1.0 1.03 1.3 1.2 0.3 1.0 2.4 2.6−16.0
CaO 21.0 9.3 25.6 26.0 24.7 7.3 23.7 47.4 0.5−27.3
MgO 11.0 3.0 8.6 11.0 10.0 2.7 8.3 4.7 0.6−3.8
P2O5 19.0 8.2 27.5 22.0 27.9 7.75 25.1 2.3 0.1−1.7
K2O 28.0 16.3 21.15 23.0 22.8 69.8 26.0 5.2 0.4−4.0
SO3 8.1 6.4 5.1 6.5 5.45 6.9 6.0 2.8 0.1−8.6
Na2O 3.9 1.8 2.6 3.1 2.9 1.2 1.8 0.4 0.1−1.2
and − not detected.
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311 The ash content of BM is only 0.23%, accounting for ∼2.7% of
312 the total ash (8.57%) input. This equates to ∼11.34 mg kg−1
313 water-soluble Cr in the GA(PL), versus an actual value of 15.02
314 mg kg−1, clearly demonstrating that the choice of bedding
315 material influences total Cr content and its water-soluble
316 (hence toxic) Cr(VI) fraction in PA samples.
317 Water-soluble As was highest in the BH, and as all PA
318 streams were alkaline (Table 2) this may have led to greater
319 solubility of As from the ash.42 The speciation of As is similarly
320 important, as it has two common oxide states, one which is
321 relatively nontoxic, As(V), and one which is extremely toxic,
322 As(III).43 Both states are likely to be water-soluble, so there is
323 no clear distinction to be made from these results, and further
324 investigation is required.
325 The high quantities of water-soluble Cu and Zn from the PL
326 confirm that these are present as organically associated species
327 as a result of surplus feed additives.
328 Speciation of Cr Using XANES. To obtain direct evidence
329 regarding the speciation of Cr, XANES analysis was performed
f5 330 on the PA samples, see Figure 5. This includes the spectra for
331two Cr standards: Cr2O3 (Cr(III)) and K2CrO4 (Cr(VI)).
332Cr(VI) containing compounds have a distinct characteristic
333peak in the pre-edge region of their spectra, and the presence of
334this peak consequently denotes its occurrence in each of the PA
335samples. Least squares analysis (detailed in the SI) confirm the
336presence of 18.4% to 38.3% Cr(VI) of total Cr in the PA, while
337the leachable levels of Cr range from 18.0% to 67.8% total Cr.
338Stam et al.44 found elevated levels of Cr(VI) in circulating
339FBC of clean wood (29% and 41% Cr(VI)), and their
340experiments cofiring coal with chicken manure also resulted in
341elevated Cr(VI) compared to firing coal alone (9% to 14%
342Cr(VI) with 10% to 15% chicken manure). Their gasification
343experiment with demolition wood had only small amounts
344(3%) of Cr(VI) indicating that the combustion conditions and
345oxygen supply are critical to the conversion of Cr(III) to
346Cr(VI).44 The temperature dependence of Cr(III) to Cr(VI)
347formation was further verified by Verbinnen at al.45 Work
348conducted by Jiao et al.46 on the speciation of Cr in oxy-fuel
349combustion of coal, pointed to oxygen-containing functional
350groups as key promoters of the oxidation of Cr(III) to Cr(VI).
Figure 2. Relative enrichment with respect to generated ash.
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351 Since PL and wood typically contain greater amounts of oxygen
352 than coal, this could aid in the conversion of naturally present
353 Cr(III) to harmful Cr(VI).
354 PL contains high levels of alkali salts and alkaline earth
355 metals, and these are known to facilitate oxidation of Cr(III) to
356 Cr(VI).44,45,47−49 CaO, as free lime, can also promote oxidation
357 of Cr(III) to Cr(VI);44,49 however, the Ca in poultry litter ash
358 is mostly bound as Ca-phosphates and therefore would not be
359 available for this reaction. FactSage predicts the formation of
360 K2CrO4 in the BA between 600 and 700 °C. The published
361 mechanism for Cr(VI) formation is
+ + ↔ +Cr O 4KOH 3
2
O 2K CrO 2H O2 2 2 2 4 2
362 (1)
363 Legislative Guidelines. Currently the use of PA in any
364 form as a fertilizer is not governed by any specific legislation
365 within the EU. However, a Quality Protocol specifically for PL
366 ash has been developed in the UK;50 although this protocol
367 does not apply on an EU level, it was used as a guideline for the
368 PL ash generated here. Additionally, we have compared our
369 values for PA with limits set out by other waste or ash-based
370 fertilizer substitutes, refer to the SI (Table SI-3) for the limit
371 values.
372Typically BA is recycled; therefore we will only consider the
373mixture FERT ash fraction in Table 4 in relation to the
374guidelines as this is a representative mixture of the remaining
375ash fraction. This sample was within the limits for the Sewage
376Sludge Directive and the Danish legislation. The Finnish
377legislation is subdivided based on the intended use of the ash
378products. Since agricultural soil application has the potential for
379HMs to impact the food chain, the stipulated limits are more
380stringent than those for forestry. Both Cd and Zn content
381exceeded the Finnish limits for agriculture but were within
382those for forestry. While this legislation provides an indication
383of the potential end use of the ash, only 5 to 7 of the 12 HMs
384are covered. The Quality Protocol deals with all 12 HMs, under
385which the FERT sample was unacceptable with respect to Cu,
386Mn, Mo, Ni, V, and Zn content. As stated previously, Cu and
387Mn are important feed additives; therefore, reduction/
388modification of the dosage rate could aid in minimizing the
389levels in the litter.
390As the Sewage Sludge Directive is currently the only guide
391applicable across the whole of Europe, it is the most applicable
392in assessing the usefulness of PA for fertilizer use. Under this
393legislation, PA is acceptable; however, given the enrichment of
394both As and Pb in the BH ash, coupled with its small particle
Figure 3. Speciation of heavy metal containing gases between 600−1000 °C using FactSage6.1.
Table 5. Speciation of Heavy Metals in Solid Phase, 600−1000 °C Using FactSage 6.1
temperature (°C)
solid (g) 600 650 700 750 800 850 900 950 1000
Zn2SiO4 2.540 2.530 2.530 2.530 2.540 2.540 2.540 2.540 2.540
Mn2O3 2.280 2.280 2.280 2.280 2.280 2.280
(CuO)(Fe2O3) 0.768 0.767 0.767 0.767 0.766 0.765 0.762 0.757 0.751
(NiO)(Fe2O3) 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081
(CaO)(MoO3) 0.059 0.059 0.059 0.058 0.058 0.057 0.055 0.054 0.049
(Na2O)(V2O5) 0.016 0.016 0.016 0.016
(CoO)(Cr2O3) 0.013 0.013 0.013 0.013
(CoO)(Fe2O3) 0.014 0.014 0.014 0.014 0.014
Ca3(AsO4)2 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
(MgO)(Cr2O3) 0.001 0.012 0.012 0.001 0.001 0.001
(CdO)(SiO2) 0.001 0.001 0.001 0.001
(CaO)2(V2O5) 0.019 0.019 0.019 0.019 0.019
K2CrO4 0.025 0.025 0.025
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395 size, the addition of this fraction to FERT and subsequent
396 application to land is not advised. The minimal amount of BH
397 ash generated should make separation and disposal less costly
398 for the operator.
399 ■ CONCLUSION
400 During combustion of PL, the majority of HMs remained
401 associated with the ash fraction. The use of appropriate, highly
402 functioning dust collection equipment minimized the emission
403 of fugitive HMs, which became associated with fine ash
404 particles.
405 As, Pb, and Mo are extremely volatile and were found to
406 condense in the BH, where low temperatures induced their
407 saturation. Zn was predicted to remain primarily in the solid
408 phase and was relatively evenly distributed in each PA stream.
409Cd was partitioned between the BA and BH and was
410significantly depleted in the intermediate temperature zones.
411Thermodynamically, Cd was predicted to form solids between
412600 and 750 °C, after which the formation of gaseous species
413increased. These gases underwent homogeneous condensation
414below 200 °C, explaining the concentration in both coarse and
415fine ash fractions.
416The remaining HMs were enriched in the middle sections, as
417a result of elutriation with the exhaust gases. Depletion in the
418BH confirmed that these elements were predominantly
419associated with coarse ash. Cu was the only element here
420that was predicted to release a significant volatile fraction, as
421CuCl2, which condensed in the intermediate temperature
422zones.
423The combined ash fraction (FERT) was deemed hazardous
424under the Waste Acceptance Criteria, due to the high levels of
Figure 4. Distribution of four volatile HMs upon flue gas cooling downstream of the fluidized bed combustor.
Table 6. Leaching Results of BS EN 12457-2 (L:S 10:1) (mg kg−1)
parameter BMd BM-GAe PLf GAg BAh HEI 1 HEI 2 CYCj BHk FERTl WACa,m WACb,m WACc,m
As 0.00 0.23 0.87 0.92 0.83 2.59 0.06 0.5 2.0 25
Cd 0.00 0.00 0.07 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.04 1.0 5.0
Cr 0.00 420.1 0.00 15.02 3.24 26.6 12.83 11.08 17.32 17.7 0.5 10 70
Cu 0.00 11.8 17.4 1.25 1.21 3.37 1.68 1.12 8.57 1.6 2.0 50 60
Pb 0.00 0.22 0.08 0.00 0.05 0.03 0.01 0.00 0.00 0.00 0.5 10 15
Ni 0.00 5.9 3.2 0.69 2.47 2.70 0.96 0.79 4.58 1.79 0.4 10 12
Zn 3.25 53.2 70.5 1.25 3.73 6.70 3.79 1.41 2.72 1.62 4.0 50 200
aLimits for inert landfill waste. bLimits for nonhazardous landfill waste. cLimits for hazardous landfill waste. dBM = bedding material. eBM-GA =
bedding material, generated ash. fPL = poultry litter. gGA = generated ash (550 °C). hBA = bed ash. IHE = heat exchanger ash. jCYC = cyclone ash.
kBH = baghouse ash. lFERT = fertilizer ash. mWAC = waste acceptance criteria.41
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425 water-soluble Cr. This indicated the presence of Cr(VI), which
426 was confirmed using X-ray absorption near-edge structure
427 spectroscopy (18.4% to 38.3%). The source of Cr was
428 identified as the bedding material (wood shavings). The
429 conversion of Cr(III) to Cr(VI) was temperature dependent
430 and could have been facilitated by the high alkali content found
431 in poultry litter.
432 The application of poultry litter ash to soils as a fertilizer was
433 found acceptable under the Sewage Sludge Directive; however,
434 given the enrichment of As and Pb in the BH ash, it is advised
435 that this fraction be disposed of separately to a hazardous waste
436 facility.
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